Background Aneurysm formation after stereotactic irradiation of skull base tumors is rare. The formation and rupture of an internal carotid artery (ICA) aneurysm in a patient with skull base Ewing sarcoma/primitive neuroectodermal tumor (PNET), who underwent surgery followed by multiple courses of intensity-modulated radiation therapy (IMRT) and chemotherapy, is described. Case Description A 25-year-old man presented with a sinonasal tumor with intraorbital and intracranial growth. At that time cerebral angiography did not reveal any vascular abnormalities. The lesion was resected subtotally. Histopathologic diagnosis was Ewing sarcoma/PNET. The patient underwent multiple courses of chemotherapy and three courses of IMRT at 3, 28, and 42 months after initial surgery. The total biologically effective dose delivered to the right ICA was 220.2 Gy. Seven months after the third IMRT, the patient experienced profound nasal bleeding that resulted in hypovolemic shock. Angiography revealed a ruptured right C4-C5 aneurysm and irregular stenotic changes of the ICA. Lifesaving endovascular trapping of the right ICA was done. The patient recovered well after surgery but died due to tumor recurrence 6 months later. Conclusion Excessive irradiation of the ICA may occasionally result in aneurysm formation, which should be borne in mind during stereotactic irradiation of malignant skull base tumors.
Introduction
Fractionated radiotherapy (FRT) and stereotactic radiosurgery (SRS) are approved management options for skull base tumors, both benign and malignant. It may be applied as a definitive treatment or be a part of combined management of the neoplasm. Contemporary equipment provides an opportunity for very precise delivery of the efficient therapeutic doses to the target while preserving adjacent functionally important anatomical structures. Nevertheless, if cranial nerves, arteries, or veins are directly involved in the pathologic process, their inclusion into a high-dose irradiation area may be unavoidable. It may potentially lead to more or less pronounced treatment-associated morbidity. Severe arterial stenosis, aneurysm formation, and rupture were infrequently reported after conventional FRT or SRS of various intracranial lesions. [1] [2] [3] [4] [5] In particular, formation and rupture of internal carotid artery (ICA) aneurysms were noted after irradiation of skull base tumors. [6] [7] [8] [9] [10] We describe a similar complication that occurred in a patient with a skull base Ewing sarcoma/primitive neuroectodermal tumor (PNET), who underwent combined treatment including multiple courses of intensity-modulated radiation therapy (IMRT). This case was reported previously and was published elsewhere in Japanese.
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Case Description
A 25-year-old man presented with nasal bleeding, progressive visual loss in his right eye, and right-sided facial pain. Magnetic resonance imaging (MRI) demonstrated a tumor entirely filling the right ethmoid sinus with additional extension into the superior part of the maxillary sinus, orbit, and intracranial space (►Fig. 1). At that time cerebral angiography did not show any vascular abnormalities (►Fig. 2). Within the next few days, the patient's visual acuity deteriorated rapidly, and he eventually became blind in the right eye. Emergent surgical resection of the neoplasm was performed via the extended transbasal interhemispheric approach. Subtotal removal of the lesion was attained, leaving its remnant within the right cavernous sinus. During surgery, the supraclinoid portion of the right ICA was completely freed from tumor encasement. The patient had an uneventful postoperative recovery and showed nearly complete restoration of the visual acuity and field of the right eye. Histopathologic examination of the pathologic tissue revealed that the tumor was composed of small round cells lying beneath the mucous membrane. The periodic acid-Schiff staining was positive, as well as immunohistochemical staining for vimentin and CD-99 (►Fig. 3); neuronal and epithelial markers were negative. The MIB-1 index was assessed at > 20%. A diagnosis of Ewing sarcoma/PNET was confirmed. Postoperative whole-body 18F-fluorodeoxyglucose positron emission tomography (FDG-PET) showed no distant metastases. The patient underwent adjuvant multidrug chemotherapy that included three cycles of vincristine, doxorubicin, cyclophosphamide (VDC); two cycles of ifosfamide, etoposide (IE); and high-dose l-PAM (melphalan) and TEPA (thiotepa) combined with peripheral blood stem cell support.
12-15 Radiation therapy was performed 3 months after surgery. To provide a high marginal dose to the tumor while avoiding excessive irradiation of the adjacent anatomical structures, particularly the optic nerve, multifractionated IMRT was applied. The treatment resulted in complete response of the residual intracranial tumor. No complications or side effects were noted. The general condition of the patient and his activities of daily life improved significantly. Visual functions were stable. At 20 months after irradiation, the complete response of the neoplasm to treatment was maintained. Three months later, however, tumor recurrence in the superior part of the right maxillary sinus was revealed. The patient and his family declined the proposed surgical treatment. Therefore, seven additional cycles of chemotherapy, mainly using a modified ifosfamide, carboplatin, etoposide (ICE) regimen were performed. Because treatment did not result in tumor shrinkage, the second course of IMRT was done at 28 months after the initial surgery and resulted in a significant volumetric tumor response. Visual functions of the right eye were preserved.
Nevertheless, 11 months later, the patient started to complain of diplopia, limited extraocular movements, and pain in his right eye. A new recurrence was disclosed in the right superior orbital fissure in the vicinity of the previous irradiated field (►Fig. 4). Marked infiltration of the greater wing of the sphenoid bone was noted. Three cycles of chemotherapy based on VDC and IE were administered initially, followed by the third IMRT at 42 months after the initial surgery. At this time, preservation of visual function was considered impossible, and informed consent on this issue was obtained. Four additional cycles of chemotherapy were administered after irradiation. The treatment resulted in significant shrinkage of the orbital tumor and relief of the ocular pain, but it was accompanied by loss of vision in the right eye.
Development of prominent cytopenia required interruption of the chemotherapy. Additionally, the patient started to complain of severe headaches. T2-weighted MRI revealed an irregular area of hyperintense signal in the right temporal lobe that did not show radioisotope uptake on FDG-PET and was considered a radiation injury. Steroid therapy was initiated. Morphine and nonsteroidal anti-inflammatories were administered as required for pain control. At that time FDG-PET of the whole body showed no distant metastases.
Seven months after the third IMRT and a total of 49 months after initial manifestation of disease, the patient experienced profound nasal bleeding that resulted in hypovolemic shock and required intensive care. Computed tomography (CT) demonstrated massive intracerebral hemorrhage and pneumocephalus, and angiography revealed a ruptured right C4-C5 carotid aneurysm, small ICA bifurcation aneurysm, and irregular stenotic changes of the vessel (►Fig. 5). Investigation was complicated by rerupture of the lesion. Lifesaving coiling of the right carotid artery was urgently done. The patient subsequently underwent treatment in the intensive care unit with artificial arterial hypertension and a blood transfusion. Within several days he nearly completely recovered. The pneumocephalus steadily resolved spontaneously.
One month after ICA occlusion and 7 months after the third IMRT, the follow-up MRI disclosed a new tumor recurrence on the right side of the sphenoid bone. It showed rapid progression and resulted in proptosis, facial deformity, and severe headache. The patient and his family were fully informed of the severity of the condition and the grim prognosis. They decided to avoid further treatment except for supportive care. The patient died 5 months later due to progressive growth of the neoplasm, in total 54 months after the initial manifestation of the disease. An autopsy was not performed. Details of Intensity-Modulated Radiation Therapy ►Table 1 summarizes the details of the three courses of IMRT performed. The treatment was done using Novalis (Varian Medical Systems, Palo Alto, California, United States). Dose planning was based on contrast-enhanced CT images fused with MRI. The target volume was defined as a contrastenhanced region in the anterior skull base and paranasal sinuses corresponding to the tumor-occupied area and an additional 2-mm margin. The total biologically effective dose (BED) corresponding to conventional fractionated radiotherapy delivered during the three courses of IMRT to C4-C5 segments of the right ICA was 220.2 Gy.
Discussion
Ewing sarcoma/PNET is highly malignant bone tumor that requires combined management including extensive surgical resection, chemotherapy, and irradiation.
12-18 Its location on the skull base is extremely rare. 19 Despite achievements of contemporary skull base surgery, gross total resection of such neoplasms is difficult to achieve and thus requires adjuvant therapy. In our patient, in addition to high-dose chemotherapy, the treatment included multiple courses of IMRT. It was done with the intention of avoiding radiation injury to the optic nerve located in close vicinity to the neoplasm and to provide high BED to maximize tumor control. Because the initial course of irradiation resulted in a complete volumetric tumor response, a similar treatment was also performed at the time of recurrence and was also successful. Such aggressive irradiation of the same area is definitely beyond current practice guidelines, but, particularly at the time of the second recurrence, it was administered as a last resort salvage treatment for the management of a highly aggressive tumor in a young Fig. 4 Second recurrence of the tumor (red circles) with prominent intraorbital extension (arrowheads) 39 months after initial surgical resection (left) was managed with chemotherapy and the third intensity-modulated radiation therapy guided by contrast-enhanced computed tomography (right). The right internal carotid artery was included in the high-dose irradiation area. patient. Overall, the first, second, and third courses of IMRT resulted in local progression-free survival of 23, 11, and 7 months, respectively. Of note, vision was preserved until the optic nerve was intentionally included in the high-dose irradiation area during management of the second local recurrence of the tumor. Nevertheless, the cumulative effect of multiple courses of IMRT led to several serious complications, among the most devastating was the formation and rupture of the ICA aneurysm, which was seemingly caused by excessive irradiation of the vessel wall. There are several reports on aneurysm formation in the common carotid artery, as well as cervical and petrosal segments of ICA after radiotherapy of laryngeal carcinoma, nasopharyngeal carcinoma, and prolactinoma. [6] [7] [8] [9] [10] 20 It was found from 3 to 13 years after irradiation with a dose ranging from 60 to 72 Gy, and it was sometimes associated with distant stenosis of the vessel or necrosis of the temporal bone. 7, 8, 20 Multiple courses of high-dose FRT may be accompanied by a greater risk of such complications. 6, 9 Similarly, formation of intracranial aneurysms was reported on longterm follow-up after conventional FRT, stereotactic radiation therapy, or SRS of various brain tumors, as well as arteriovenous malformations. 1,2,4,5 Although in most cases it occurred after wide-field irradiation with evident involvement of the affected vessel in the high-dose area, there was a report on ICA aneurysm formation 6 years after gamma knife radiosurgery of a vestibular schwannoma with a marginal dose of 12 Gy.
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It is impossible to define precisely the time of aneurysm formation in our patient. Moreover, although its main cause was seemingly high total BED delivered to the ICA, which during three courses of IMRT totaled 220.2 Gy, possible injury of the vessel wall at the time of the initial surgical removal of the tumor or its direct effect by the malignant neoplasm could also have played an important role. There are multiple reports on iatrogenic intracranial traumatic aneurysms and pseudoaneurysms after microsurgical resection of skull base neoplasms and other neurosurgical procedures. [21] [22] [23] [24] [25] Ciceri et al 23 mentioned 52 such cases published from 1955, most frequently affecting the ICA, usually after transsphenoidal surgery. It was speculated that "fusiform" lesions occur due to weakening of the adventitia during surgical peeling of the tumor from the artery, whereas "saccular" ones develop after more focal or complete laceration of the vessel. 23 It was suggested that most traumatic intracranial aneurysms have symptomatic manifestations within 3 to 4 weeks after injury of the vessel wall. 25 In our patient, however, the hemorrhagic presentation appeared 49 months after the initial tumor resection, which makes traumatic origin of the aneurysm less probable. Finally, intensive antitumor chemotherapy performed in our case could also have had some predisposing effects on the aneurysm formation, although such causative interrelationships are difficult to prove. Patients with fusiform iatrogenic aneurysms seemingly may be followed without any intervention, and in many of them the neuroradiologic findings remain unchanged. 23 Nevertheless, rupture of radiation-induced ICA aneurysm constitutes a life-threatening complication and requires emergency management. In such cases endovascular procedures may be considered the treatment of choice and usually provide favorable results. 23, 24 In our patient, rerupture during angiography required trapping of the vessel. Insufficient collateral blood flow may stipulate additional bypass surgery. 6, 10 Other options include the use of covered stent and coiling of the aneurysm.
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Conclusion
Use of IMRT for combined management of skull base Ewing sarcoma/PNET may result in a prominent volumetric response and may be effectively applied for control of the residual neoplasm after surgery, as well as at the time of local treatment failure. Nevertheless, the long-term prognosis in such cases is poor due to the malignant nature of the tumor and its propensity for local recurrence. Involvement of the cerebral arteries, particularly the ICA, into the neoplastic process may lead to their unavoidable inclusion into the high-dose irradiation area, which may occasionally result in aneurysm formation. It should be borne in mind during management of skull base neoplasms and the follow-up of patients after treatment. Investigation with magnetic resonance angiography or computed tomographic angiography may be reasonable in some cases.
